Proteins encoded by ras genes have recently been reported to couple certain growth factor receptors to phospholipase C, the enzyme catalyzing phosphatidylinositol breakdown. To investigate this hypothesis, the normal and the transforming Ha-, Ki-, and N-ras genes were each transfected into Rat-i fibroblasts under the control of strong promoters.
Several cell lines, both normal and transformed, were selected that expressed high levels of p2lr,. Phosphatidylinositol turnover was measured in these cells in response to a wide variety of peptide factors; bradykinin was found to have a greatly enhanced effect on the p21r overexpressors relative to the parental and control cells. Bradykinin receptor numbers were measured in these lines and found to be up to 40-fold higher in the p2lras overexpressors than in the parental cells. This was found to be the case for both normal and transforming forms of all three varieties of ras genes. Receptor number correlated well with the bradykinin-dependent phosphatidylinositol turnover response in all cases. These data indicate that the effects of p21r on cellular responses to the peptide hormone bradykinin are due to changes in receptor number rather than to direct coupling by p21r between the receptor and phospholipase C.
The eukaryotic ras genes encode a family of proteins (M, 21,000) that appear to be important in control of cell growth. The acutely transforming Harvey and Kirsten murine sarcoma viruses contain activated mutants of Ha-and Ki-ras genes, and oncogenic forms of the Ha-and Ki-ras as well as of the related N-ras gene have been identified in a large number of human tumors (referred to as HRAS, KRAS, and NRAS in human gene nomenclature) (1) (2) (3) (4) . The mechanisms by which activated p2iras transforms cells and the ways in which normal p21ras may be involved in cellular growth control are currently unclear, although in recent years several clues have emerged. The ras proteins are peripheral membrane proteins (5) that bind and hydrolyze GTP; the activated proteins have reduced GTPase activity (6, 7) . This points to a functional homology with members of the family of G proteins, GTP-binding proteins that are involved in the coupling of cell-surface receptor proteins to intracellular enzyme systems, most notably adenylate cyclase and cGMP phosphodiesterase (8) . A limited sequence homology also exists between p2iras and the G proteins (9) (10) (11) (12) , so it is tempting to speculate that, despite their considerable differences, the ras proteins may also couple cell-surface receptors to intracellular enzymes. One enzyme known to be controlled by poorly characterized G proteins and to be of great importance in the regulation of cell growth is phospholipase C, the phosphodiesterase responsible for phosphatidylinositol (Ptdlns) breakdown (13) .
Some recent reports have presented evidence that p2lras may indeed be involved in the direct control of this enzyme (14, 15) . The strategy used to study p21s-mediated linkage between receptors and phospholipase C has involved creation of cell lines that overexpress one or another p2l"S species. As a result of p2lras overexpression, any physiological coupling between specific receptors and phospholipase C by p2iras could be enhanced, thus allowing identification of the interacting members of such a signal transduction pathway. In the work presented here, the role of p2lras in the regulation of phospholipase C is investigated. We have found that the marked enhancement of the PtdIns turnover response to a peptide mitogen in cells overexpressing both normal and transforming Ha-, Ki-, and N-ras proteins is not reflective of a role of p2lras in transducing signals from this receptor. (20) . Fig. LA shows the results of these immunoprecipitations: seven transfected lines (Rat-l.H-rasl, -3, -6, -8, -9, -12, and -13) were found to greatly overexpress p21ras relative to the parental Rat-1 cells or to cells transfected with the selection plasmid alone (Rat-l.His2 and -7). Cells transfected with the activated Ha-ras gene from the EJ bladder carcinoma also showed overexpression of p21 (see Rat-l.Hras*1 in Table 1 ).
MATERIALS AND METHODS
Cotransfection of a plasmid containing the normal human N-ras cDNA (pZIP.JG1.N-ras) with the histidinol-resistance marker yielded some cell lines overexpressing the N-ras protein, for example Rat-l.N-raslO, -11, and -16 in Fig. 1B . The activated N-ras-transfected line Rat-l.N-ras*2 also overexpressed p21 somewhat.
Cotransfection of a plasmid containing the normal Ki-ras cDNA (ZnCK) with a neomycin-resistance plasmid (pSV2-Neo) yielded several cell lines that overexpressed p21Ki-ras. An estimate of the amount of ras protein in the cell lysates could be made from the amount of label retained by the immunoprecipitate ( Table 1) .
The highest levels of expression of p21 were found in the lines transfected with the normal Ha-ras construct. In some cases these produced >100-fold the amount of p21 found in control and parental lines. p21 expression in all the other lines was considerably lower, ranging from 17-fold for a line transfected with the normal N-ras construct to <2-fold for a line transformed with the activated N-ras cDNA.
Assay for Transformed Phenotype of p21 Overexpressing Cells. To assess the effect of overexpression of p21's on growth control, the cells listed in Table 1 (Fig. 2 A and B) : the serum response was insensitive to pertussis toxin, which is known to catalyze the ADP ribosylation of certain G proteins (23) , while the athrombin response was entirely suppressed by pretreatment of the cells with pertussis toxin (50 ng/ml) for 1 hr (data not shown).
In marked contrast were the responses of these cells to the neuroactive peptide hormone bradykinin (24) (Fig. 2C) . The concentration of bradykinin required to give a half-maximal increase in inositol phosphate levels was =4 nM for the lines Rat-l.H-ras9 and -13 (Fig. 2D) . The bradykinin-dependent PtdIns turnover was not affected by pertussis toxin (data not shown), implying that the coupling protein involved here was distinct from that mediating the a-thrombin response.
Bradykinin Receptor Levels in p21 Overexpressing Cell Lines. While this p21ras-induced PtdIns responsiveness to bradykinin might be caused by improved coupling of the bradykinin receptor to phospholipase C, it could also be due more simply to an increased level of bradykinin receptors. To address the latter possibility, receptor (Fig. 3) . This figure is similar to the concentration of bradykinin required for a half-maximal PtdIns response (see Fig. 2 ceptor number than to the amount of p2lras expressed by the cells. It thus appears likely that the influence of p21s on bradykinin-stimulated PtdIns turnover operates via its ability to modulate receptor levels. DISCUSSION Several instances have now been reported in which overexpression of either a normal or activated ras protein in fibroblasts leads to greatly increased sensitivity of PtdIns breakdown to specific agonists. These include bombesin and bradykinin responsiveness in NIH 3T3 cells transformed by expression of high levels of normal p21Nras (14) , bradykinin responsiveness in NIH 3T3 cells transformed by p2lv'Ki-ras (26) , and responsiveness to the muscarinic agonist carbamoylcholine in BALB/c 3T3 cells transformed by p2lEJHaras (15) . The data presented in this report indicate that the enhancing effect of overexpression of both normal and activated Ha-, Ki-, and N-ras proteins on the PtdIns breakdown response to bradykinin in both normal and transformed cells is due to increased bradykinin receptor number and not to direct coupling by p2lras of the receptor with phospholipase C in a manner comparable to that of a classical G protein.
We do not yet have any insight into how p2lras levels are able to modulate the numbers of a cell-surface receptor: this may represent an important aspect ofp2l-mediated control of cell growth. While in two of the reports referred to above the receptor levels for the stimulatory ligands bombesin (14) and carbamoylcholine (15) were found to be unaltered by p2lras overexpression, our current'data warn that generalizations about the role of ras proteins in the control ofPtdIns turnover should be avoided. The recent report of Parries et al. (26) showed that an NIH 3T3 cell line transformed by v-Ki-ras, which had an increased Ptdlns turnover response to bradykinin, expressed a higher level of bradykinin receptors than the parental NIH 3T3'cells. However, it was not shown that this was a ras-specific effect rather than a more general effect of cell transformation. Our report goes beyond that of Parries et al. by showing that transformation alone is not sufficient to cause this increase in bradykinin receptor number since src and N-myc transformed cells do not display any receptor overexpression. Furthermore, we demonstrate that''an increase in bradykinin receptor levels can be achieved by overexpression of each of the three normal ras gene products (Ha-, Ki-, and N-) in the absence of cell transformation, as well as each of the three activated ras gene products in transformed cells. The use oflarge numbers of independently isolated cell lines allows the relationships between bradykinin receptor number, p21's level, and bradykinin-stimulated PtdIns turnover to be studied. Bradykinin-stimulated PtdIns turnover correlates very closely to the levels of bradykinin receptor, whereas it correlates only poorly to the levels of p2lras, even when activated and normal p21ras are considered separately.
The idea that ras proteins can act as coupling agents between receptors and phospholipase C remains appealing, but convincing evidence for this hypothesis has not yet been found. Alterations in inositol phospholipid and diacylglycerol metabolism hdve been reported in ras-transformed cells (27) (28) (29) . It now appears that increased production of diacylglycerol, possibly from sources other than the inositol phospholipids, may be more significant than inositol polyphosphate production in the function of p21ras (29, 30) , raising the possibility that the ras proteins control a phospholipase C with specificity for phospholipids other than PtdIns. It has also been suggested that p21 influences phospholipase A2 activity (31) . There is no evidence to suggest that any influence of p2lras on phospholipid metabolism is the result of a direct interaction between ras proteins and phospholipases. On the contrary, recent evidence from Yu et al. (32) suggests that p21 exerts its mitogenic effects downstream of the products of phospholipase action. 
